Abstract Protein secretion from the endoplasmic reticulum (ER) requires the enzymatic activity of chaperones and oxidoreductases that fold polypeptides and form disulfide bonds within newly synthesized proteins. The best-characterized ER redox relay depends on the transfer of oxidizing equivalents from molecular oxygen through ER oxidoreductin 1 (Ero1) and protein disulfide isomerase to nascent polypeptides. The formation of disulfide bonds is, however, not the sole function of ER oxidoreductases, which are also important regulators of ER calcium homeostasis. Given the role of human Ero1α in the regulation of the calcium release by inositol 1,4,5-trisphosphate receptors during the onset of apoptosis, we hypothesized that Ero1α may have a redox-sensitive localization to specific domains of the ER. Our results show that within the ER, Ero1α is almost exclusively found on the mitochondria-associated membrane (MAM). The localization of Ero1α on the MAM is dependent on oxidizing conditions within the ER. Chemical reduction of the ER environment, but not ER stress in general leads to release of Ero1α from the MAM. In addition, the correct localization of Ero1α to the MAM also requires normoxic conditions, but not ongoing oxidative phosphorylation.
Introduction
The endoplasmic reticulum (ER) is the point of origin for protein secretion. To allow for this crucial function, the ER contains folding chaperones required for the production of secretion-competent, fully folded secretory proteins. For example, the hsp70 family member BiP/GRP78 is among the first chaperones to interact with hydrophobic surfaces of newly synthesized polypeptides. At the expense of ATP, Bip/GRP78 promotes the folding of these hydrophobic amino acids to the interior of the protein structure (Gething 1999; Hammond and Helenius 1994; Kim et al. 1992) . The lectin chaperones calreticulin and calnexin also mediate the folding of newly synthesized proteins by cycling on and off their folding substrates, depending on the presence of a glucose linked to the high mannose sugar core (Caramelo and Parodi 2008; Michalak et al. 2009 ). Another important group of ER protein-folding enzymes is oxidoreductases that catalyze the formation of disulfide bonds. The best-known member of this group is protein disulfide isomerase (PDI), which recognizes unfolded hydrophobic amino acids on newly synthesized proteins (Freedman et al. 2002; Klappa et al. 1997) . Following the docking with its substrates, PDI is able to oxidize reduced cysteines or isomerize pre-formed disulfide bonds through transient mixed disulfides with its CXXC active sites and substrates (Horibe et al. 2004; Walker and Gilbert 1995) . A prerequisite for the catalytic activity of PDI is the presence of proteins of the Ero1 family within the ER Mezghrani et al. 2001; Sevier and Kaiser 2008) . These oxidoreductases, represented by Ero1α and Ero1β in human cells, mediate the re-oxidation of PDI after its enzymatic reaction by transferring oxidative equivalents using their CXXCXXC active sites (Benham et al. 2000; Pagani et al. 2000) . The oxidative power of Ero1 proteins originate from their flavin adenine dinucleotide (FAD) prosthetic group that transfers electrons from cysteines to molecular oxygen (Wang et al. 2009 ). Hypoxia, the absence of oxygen, impacts on the functioning of Ero1 proteins in two ways: First, Ero1α, but not Ero1β is a target of hypoxia-inducible factor (HIF-1α)-mediated transcription (Gess et al. 2003; May et al. 2005) . Second, whereas this induction may result in the increased production of growth factors by tumor cells, in vitro experiments suggest that Ero1 proteins cannot promote PDI re-oxidation in the absence of oxygen (May et al. 2005; Tu and Weissman 2002) . Another factor that impacts on the catalytic activity of Ero1 proteins is their correct localization to the ER. Both yeast and rice Ero1 proteins require association with the ER membrane for their functioning (Onda et al. 2009; Pagani et al. 2001) . Human Ero1α requires the interaction with PDI and another oxidoreductase, ERp44, for its retention within the ER (Anelli et al. 2003; Otsu et al. 2006 ).
The ER is not a homogeneous organelle, but is composed of numerous domains, including the transitional ER that mediates ER export and the rough ER (rER) that houses the protein translation and import machinery (Voeltz et al. 2002) . Besides the rER, the mitochondria-associated membrane (MAM) is most highly enriched in ER chaperones and oxidoreductases (Hayashi et al. 2009 ). The MAM is the location where phosphatidylserine biosynthesis and its transfer to mitochondria occur (Shiao et al. 1998; Stone and Vance 2000) , but also contains calcium handling proteins, such as the inositol 1,4,5-trisphosphate receptor (IP3R) (Csordas et al. 1999; Hajnoczky et al. 2000) . On the MAM, ER chaperones and oxidoreductases appear to regulate the ER calcium content. For instance, calnexin reversibly interacts with sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) 2b to block calcium import (Roderick et al. 2000) . Similarly, calreticulin inhibits uptake of calcium by inhibiting the affinity for calcium of the SERCA2b pump, but also regulates IP3-induced calcium release (Camacho and Lechleiter 1995; John et al. 1998) . In vivo, these functions of calreticulin may very well be more crucial for survival than its chaperone activity, since calreticulin-deficient cells have impaired Ca 2+ homoeostasis, yet only a modest decrease in protein folding (Michalak et al. 2009; Molinari et al. 2004) . Another example of a folding enzyme regulating ER calcium content is the oxidoreductase ERp44 that interacts with cysteines of the IP3R type 1, thereby inhibiting calcium transfer to mitochondria when ER conditions are reducing (Higo et al. 2005) . Recent results suggest that Ero1α might also perform such a function, since Ero1α interacts with the IP3R and potentiates the release of calcium during ER stress ). This function of Ero1α could impact the interaction of the ER with mitochondria that depends on the formation of calcium hotspots on the cytoplasmic face of the ER (Yi et al. 2004 ) and the induction of apoptosis that critically depends on ER-mitochondria calcium communication (Mendes et al. 2005; Szalai et al. 1999) . To increase our understanding of the functions of Ero1α during resting and stressed conditions, we examined its localization within the ER by subcellular fractionation and immunofluorescence microscopy. Our results show that Ero1α is highly enriched on the MAM, consistent with its role in the regulation of ER calcium homeostasis. Hypoxia leads to a rapid and eventually complete depletion of Ero1α from the MAM. Our findings suggest that hypoxic tumor cells could display high levels of this oxidoreductase on their surface or in the space surrounding the tumor.
Materials and methods

Antibodies and reagents
All chemicals were from Sigma (Oakville, ON), except for tunicamycin and thapsigargin (Enzo Life Sciences, Farmingdale, NY). The rabbit anti-calnexin antiserum was generated using a cytosolic peptide by Open Biosystems, Huntsville, AL. Antibodies against GAPDH were provided by Tom Hobman, Edmonton, AB; the monoclonal antiserum against Ero1α was a gift from Roberto Sitia, Milan, Italy. Antibodies to the human proteins Ero1α (polyclonal rabbit, Santa Cruz, Santa Cruz, CA), PDI, calreticulin, actin (ABR/Pierce, Golden, CO), β-tubulin, BiP/GRP78 (Calbiochem, San Diego, CA), βCOP (Genetex, San Antonio, TX), mitochondrial complex 2 (Mitosciences, Eugene, OR), and the myc-tag (Millipore, Billerica, MA) were purchased as indicated. HEK 293 and HeLa cells were from ECACC (Porton Down, UK) and cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (Invitrogen, Carlsbad, CA).
Percoll was from GE Healthcare (Piscataway, NJ); Optiprep was from Axis-Shield (Dundee, Scotland). Mitotracker was from Invitrogen (Carlsbad, CA).
Western blotting, immunofluorescence microscopy
Western blotting was performed according to standard protocols using goat-anti mouse/rabbit secondary antibodies conjugated to Alexafluor 680/750 (Invitrogen, Carlsbad, CA) on an Odyssey infrared imaging system (LICOR, Lincoln, NE). Processing of samples for immunofluorescence microscopy was performed as follows: HEK 293 cells were grown on coverslips for 24 h and preloaded with Mitotracker for 30 min according to the manufacturer's instructions. Cells were washed with phosphate-buffered saline (PBS) containing 1 mM CaCl 2 and 0.5 mM MgCl 2 (PBS++) and fixed with 4% paraformaldehyde for 20 min. After washing with PBS++, cells were permeabilized for 1 min with 0.1% Triton X-100, 0.2% bovine serum albumin in PBS++. Immunofluorescence preparations with the anti-βCOP antibody involved fixation by incubation in methanol for 2 min at −20°C. Cells were then incubated with primary antibodies (1:100 dilution for PDI monoclonal and Ero1α polyclonal) and secondary antibodies in PBS++, 0.2% bovine serum albumin (BSA) for 1 h each, interrupted with three washes using PBS++. Secondary antibodies were AlexaFluor-conjugated 350 and 488 (Invitrogen, Carlsbad, CA) and used at a dilution of 1:2,000. Samples were mounted in Prolong AntiFade (Invitrogen, Carlsbad, CA). Images were obtained with an Axiocam on an Axioobserver microscope (Carl Zeiss, Jena, Germany) using a 100× planApochromat lens. All images were iteratively deconvolved using the Axiovision 4 software. Deconvolved images were enhanced with Photoshop (Adobe, San Jose, CA) using the levels functions only, until reaching saturation in the most intense areas of the image.
Membrane fractionation
Mitochondria and light membranes were separated as follows. HEK 293 cells were homogenized with 15 passages through a ball-bearing homogenizer (Isobiotec, Heidelberg, Germany, ball clearance 18 μM) in homogenization buffer (0.25 M sucrose, 10 mM HEPES-NaOH, pH 7.4, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid (EGTA), containing Complete protease inhibitor, Roche, Mississauga, ON). The resulting homogenates were centrifuged for 10 min at 800×g to remove unbroken cells and nuclei. Post-nuclear supernatants were centrifuged for 10 min at 10,000×g to yield heavy membrane fractions (HM). The supernatants were then centrifuged for 60 min at 100,000×g to separate the cytosolic fraction and light membrane fraction.
Membranes of the ER (MAM and rER) were fractionated on a continuous OPTIPREP gradient using 25%, 20%, 15%, 10%, and 5% OPTIPREP. HEK 293 and HeLa cells, treated as indicated, were homogenized as indicated above. For non-reducing conditions, 10 mM N-ethylmaleimide was added. Cell debris and nuclei were pelleted by centrifugation at 1,000×g for 10 min. The post-nuclear supernatant was overlayed onto the continuous gradient and centrifuged at 32,700 rpm for 3 h at 4°C in a SW55Ti rotor (Beckman Coulter, Mississauga, ON). Six equal fractions were collected from the top of the gradient and precipitated with acetone. Fractions were probed on a Western blot for the following markers of ER domains according to Myhill et al. 2008 : calnexin (mostly MAM), acyl-CoA/cholesterol acyltransferase (ACAT1, MAM), PDI, calreticulin, BiP/GRP78 (pan-ER), ERp57, eIF2α (rER), and mitochondrial complex 2 (mitochondria). Markers of the Golgi and the plasma membrane have also been described previously (Myhill et al. 2008) .
Mitochondria were separated from the MAM as follows: HEK 293 cells were grown to confluency on 15 20-cm dishes and homogenized using a ball-bearing homogenizer as above in 4 ml isolation buffer (250 mM mannitol, 5 mM HEPES, pH 7.4, 0.5 mM EGTA, 0.1% BSA). Debris and nuclei were removed by 5 min centrifugation at 600×g in 15 ml Corex tubes in a JA 20 rotor. The supernatant was centrifuged at 8,500 rpm in a JA-12 rotor for 10 min to pellet crude mitochondria. Subsequently, microsomes were pelleted at 100,000×g for 1 h in a TLA120.2 rotor. The previously isolated mitochondria were resuspended in 1 ml isolation medium and layered on top of 8.5 ml Percoll isolation medium (225 mM D-mannitol, 25 mM HEPES, pH 7.4, 1 mM EGTA, and 20% Percoll (v/v)) in a 10-ml ultraclear polycarbonate Beckman tube. The tube was centrifuged for 30 min at 30,500 rpm (95,000×g) in a Ti-70 rotor with slow acceleration and deceleration, after which purified mitochondria (3/4 down the tube) and MAM were removed from the Percoll gradient (located above the mitochondria). Percoll was removed from the mitochondria fraction and the MAM fraction was diluted 5-fold with fresh isolation medium and re-centrifuged at 60,000 rpm in a TLA120.2 rotor for 1 h. Equal proportional amounts were loaded for all fractions.
Secretion assays
For secretion assays, HEK 293 cells were grown to confluency in 6-well dishes (900,000 cells/well) for 24 h in DMEM/10%FBS. Subsequently, the medium was exchanged to OPTIMEM for the indicated times and the medium was precipitated using acetone.
Results
For most experiments, we used HEK 293 cells, which express high levels of Ero1α. Since over-expression of ER proteins can lead to their mis-localization within the expansive ER network (Registre et al. 2004) , we decided to exclusively analyze the distribution of endogenous Ero1α. To test whether Ero1α localizes to a specific subdomain of the ER, we first fractionated cellular membranes into heavy and light membranes (Fig. 1a) . This fraction- Fig. 1 Ero1α co-fractionates with the MAM in HEK 293 and HeLa cells. a Ero1α fractionates into heavy membranes. Membranes from HEK 293 cells were fractionated into low (HM) and high speed pellets (LM), which were analyzed by Western blotting for complex 2 (mitochondria), ACAT1 (MAM), calnexin (rER/MAM), PDI (all ER), and Ero1α. b Ero1α distribution between mitochondria and the MAM. HEK 293 homogenates were fractionated into cytosol (Cyt.), microsomes (Micro), crude mitochondria (MC), purified mitochondria (MP), and MAM according to Materials and methods. Marker proteins indicate mitochondria (complex 2), MAM (ACAT1), and ER membranes (PDI and calnexin). c Ero1α distribution within ER domains. HeLa and HEK 293 cell homogenates were fractionated on a discontinuous 10-30% Optiprep gradient. Marker proteins indicate mitochondria (complex 2), MAM (ACAT1, calnexin), pan-ER (PDI), and Ero1α. Lane numbers refer to the Optiprep fractions. The localization of Ero1α from three independent experiments is quantified in Fig. 3a . d Presence of Ero1α oxidative forms on domains of the secretory pathway. HEK293 homogenates were fractionated and analyzed under non-reducing conditions. Ero1α was detected by Western blot. e Analysis of the ER domain distribution of selected components of the ER protein folding machinery and the Golgi complex. HEK 293 cell homogenates were fractionated on a discontinuous 10-30% Optiprep gradient. eIF2α indicates the position of the rER (fractions 3 and 4), β-COP indicates the cis-Golgi (fraction 2), ACAT1 indicates the MAM (fractions 5 and 6). Calreticulin (CRT), BiP/GRP78 (BiP), ERp44, and ERp57 were analyzed for their intra-ER localization ation protocol showed that the majority of the Ero1α signal was found on heavy membranes that comprise mitochondria, the rER and the MAM (Myhill et al. 2008) . We next analyzed the distribution of Ero1α on a Percoll gradient, which can distinguish between MAM and mitochondria localization in liver tissue (Stone and Vance 2000) and cell lines (Wieckowski et al. 2009 ). On the Percoll gradient, membranes isolated as crude mitochondria are resolved into pure mitochondria that are largely devoid of ER markers and a MAM fraction that is enriched in calnexin and acylCoA/cholesterol acyltransferase 1 (ACAT1, Fig. 1b , (Myhill et al. 2008; Rusinol et al. 1994) . Conversely, mitochondrial complex 2 is found in the crude and pure mitochondria fraction, but not the MAM fraction (Fig. 1b) . This fractionation showed that Ero1α was present virtually exclusively on the MAM in HEK 293 cells (Fig. 1b) . We complemented this analysis with our MAM isolation protocol based on Optiprep that separates the MAM from other domains of the ER, such as the rER and the late secretory pathway, but does not distinguish between the MAM and mitochondria (Myhill et al. 2008; Roth et al. 2010) . On the Optiprep gradient, markers of the MAM peak at the bottom in fraction 6, whereas ER proteins that are not enriched on the MAM, such as PDI are found in all fractions, including fractions containing the rER markers ERp57 and eIF2α (Fig. 1c, e) . With this protocol, we confirmed that in HeLa and HEK 293 cells, the bulk of the Ero1α signal co-fractionated with markers of the MAM, but not the rER or the late secretory pathway (Fig. 1c) . When analyzing our fractions for the presence of the characteristic oxidative states of Ero1α, we found that fully oxidized OX1 and OX2 Ero1α was found at the bottom of the gradient, whereas the late secretory pathway contained a mixture between oxidized and reduced Ero1α (Fig. 1d) . We confirmed that the localization of Ero1α on our biochemical fractionations was unique by comparing its distribution in HeLa and HEK 293 cells to the chaperones and oxidoreductases calreticulin, ERp57, ERp44, PDI, and BiP/GRP78. Of these chaperones, BiP/GRP78 was the only one which showed a significant enrichment on fractions of the MAM. Conversely, PDI and, in particular, ERp57 showed high amounts on fractions of the rER (Fig. 1c, e) . The distribution of ERp44 was unique, but entirely consistent with the functions described for this oxidoreductase: it is predominantly found in fractions comigrating with the ERGIC and cis-Golgi marker βCOP, where it functions as a scavenger of proteins with exposed thiols (Anelli et al. 2003) , but also on the MAM, where it regulates the activity of the IP3R (Higo et al. 2005) . Therefore, our three subcellular fractionation protocols showed that Ero1α is highly enriched on the MAM, in contrast to numerous other ER oxidoreductases and chaperones that are present in higher amounts on the rER.
To further examine the localization of Ero1α, we analyzed the distribution of this oxidoreductase in HEK 293 and HeLa cells by immunofluorescence microscopy. Ero1α and PDI showed distinct distributions within HEK 293 (Fig. 2a) and HeLa cells (Fig. 2b) . Whereas PDI localized to a dispersed reticular staining pattern that concentrated on the nuclear envelope in both cell lines (Fig. 2a, b) , the staining pattern of Ero1α was patchier and tended to show more apposition with mitochondria (compare green arrowheads for PDI/Ero1α/mitochondria overlap and red arrowheads for Ero1α/mitochondria overlap in Fig. 2a, b) . As typical for proteins of the MAM, this close apposition did not translate into full overlap between Ero1α and mitochondria (Myhill et al. 2008; Rizzuto et al. 1998 ). Together, these results are consistent with the fractionation data that showed that Ero1α and PDI have a distinct intracellular localization.
The localization of ER proteins to the MAM is a regulatable mechanism, as shown in the case of calnexin that can relocate from the MAM to the rER under conditions of extended ER stress (N. Myhill and T. Simmen unpublished observations). Another example is the cytosolic connector protein PACS-2 that temporarily shifts from light membranes to membranes of the MAM and mitochondria during ER stress (Simmen et al. 2005) . We hypothesized that Ero1α, being an ER luminal protein, would exhibit intra-ER motility. To test this idea, we first treated HEK 293 cells with reducing agents known to lead to secretion of over-expressed, fully reduced Ero1α via a disruption of the Ero1α ERp44 retention mechanism (Anelli et al. 2002 (Anelli et al. , 2003 . As expected, treatment of cells with 1 mM 2-mercaptoethanol (2ME) and 1 mM dithiothreitol (DTT) for 2 h led to a shift of the Ero1α signal on the Optiprep gradient that monitors the localization of Ero1α among the MAM, the rER, the Golgi, and the plasma membrane. Under these conditions, the amount of Ero1α on the MAM decreased from roughly 75% to approximately 25% of the total signal, whereas its amounts on fractions of the late secretory pathway increased reciprocally (Fig. 3a) . We verified whether the properties of secretory pathway membranes remained the same in this experiment by confirming the sustained presence of PDI, ACAT1, and βCOP in their respective fractions (Fig. 3b) . Since we could not detect significant relocation for calnexin or calreticulin either, our results mean that during our time frame, only Ero1α shifted away from the MAM (Fig. 3b) . Moreover, Ero1α did not relocate from the mere exposure to ER stress, as indicated by the gradients of homogenates from HEK 293 cells exposed to tunicamycin, thapsigargin, or glucose deprivation (Fig. 3c) . Nevertheless, this incubation with reducing agents led to the induction of XBP-1 at the protein level within our 2-h time frame (Fig. 3d) . Therefore, the complete reduction of the ER environment, but not the exposure of cells to ER stress led to the relocation of Ero1α from the MAM to cellular fractions of the late secretory pathway.
Since Ero1α requires oxygen for its enzymatic reaction (Tu and Weissman 2002), we examined whether or not the deprivation of atmospheric oxygen during hypoxia influenced its localization. Thus, we incubated HEK 293 cells in a hypoxic chamber containing 1% oxygen. Since reducing agents such as 2ME or DTT cause a shift of the oxidation state of Ero1α from the fully oxidized OX1 and OX2 forms to the reduced form, we first aimed to determine whether hypoxia could have a similar effect (Anelli et al. 2002) . Indeed, the incubation in hypoxic atmosphere temporarily transformed a portion of Ero1α from the fully oxidized OX2 to the fully reduced form after 30 min of hypoxia (Fig. 4a) . Moreover, starting as soon as 15 min after the exposure to the hypoxic environment, Ero1α shifted from the MAM to membranes of the late secretory pathway (Fig. 4b) . This translocation appeared complete after about 2 h of incubation in hypoxia, when HIF1α protein Fig. 2 Intracellular localization of Ero1α to the vicinity of mitochondria. a HEK 293 cells were grown on coverslips for 24 h and processed for immunofluorescence microscopy. Ero1α was detected with a rabbit polyclonal antibody, PDI with a mouse monoclonal antiserum and mitochondria were visualized with Mitotracker. Immunofluorescence images were acquired and deconvolved. Inserts show a magnified area, indicated by white frames on the bigger pictures. The red arrowheads point out Ero1α/mitochondria overlap, whereas the green arrowheads point out triple PDI/Ero1α/mitochondria overlap. Scale bar=25 μm. A representative image is shown. b HeLa cells were processed and imaged as in (a) expression started to increase (Fig. 4f) . Under hypoxic conditions, the amount of Ero1α on the MAM decreased from about 75% of total to about 20%. Since we detected Ero1α in fractions 1 and 2 of our Optiprep gradient, we examined whether this translated into an overlap with βCOP. Indeed, our immunofluorescence experiments showed accumulations of paranuclear staining for Ero1α at 16 h hypoxia, which however only partially overlapped with the crescent-shaped βCOP pattern (Fig. 4c) . Under control conditions, we could not detect accumulations (Fig. 2 and data not shown) . Interestingly, we neither detected relocation of other ER protein folding chaperones including PDI, calnexin, and BiP/GRP78 nor of the MAM marker ACAT1 and the cis-Golgi marker βCOP during the incubation under hypoxic conditions (Fig. 4d) . The Ero1α relocation that occurred under hypoxia was not dependent on the correct functioning of mitochondria, since neither the electron transport chain inhibitors rotenone and antimycin, nor the ATP synthase inhibitor oligomycin when added for 2 h led to a shift of Ero1α from the MAM to membranes of the late secretory pathway (Fig. 4e) . Our results therefore show that oxygen supply is required to maintain the normal redox state of Ero1α and its retention on the MAM.
Our fractionation and immunofluorescence experiments did not allow us to conclusively determine the destination to where Ero1α migrates under conditions of disrupted ER redox or low oxygen. Therefore, we tested the hypothesis that Ero1α undergoes secretion by probing the supernatants of DTT-and 2ME-treated HEK 293 cells for Ero1α. As demonstrated earlier for over-expressed Ero1α, the incubation of cells with the reducing agent 2ME, and even more remarkably with DTT, led to the secretion of Ero1α starting at 10 min of incubation (Fig. 5a ). Consistent with a slight increase of the calreticulin signal in late secretory pathway membranes (Fig. 3b) , we also detected some secretion of calreticulin under these conditions (Fig. 5a ). These results suggested that hypoxia leads to secretion of endogenous Ero1α. We tested this possibility, but only detected secretion of endogenous Ero1α, but not calreticulin, after long periods of hypoxia, i.e., after 16 h (Fig. 5c ) despite the induction of HIF1α at the protein level starting at 2 h of hypoxia (Fig. 4f) . Together, our results show that Ero1α, Fig. 3 Ero1α MAM retention is redox-sensitive. a Optiprep fractionation of HEK 293 control cells and cells treated for 2 h with 1 mM 2ME and 1 mM DTT. Three independent experiments were probed for Ero1α and quantified by LICOR. The individual amounts of Ero1α per fraction are plotted in the middle graph (error bars omitted for clarity, but shown on the right panel). Right panel: the amount of Ero1α on the MAM was determined as the sum of signal found within fractions 5 and 6 (n=3). b Optiprep fractionation of HEK 293 cells as in a. Western blots were probed for calnexin (CNX) and calreticulin (CRT). c Optiprep fractionation of HEK 293 cells treated with the ER stressors tunicamycin (Tuni., 10 μM), thapsigargin (Thaps., 1 μM), and in medium depleted of glucose, but supplemented with galactose (-Gluc., see Materials and methods). d Protein levels of the ER stress associated transcription factor XBP-1 after 2 h treatment with reducing agents. Loading equalized using α-tubulin as a loading control Fig. 4 Ero1α MAM retention is oxygen-sensitive. a Analysis of the Ero1α oxidation state when incubated under hypoxic conditions (1% oxygen) for the indicated times. Lines point to fully reduced Ero1α (red) and the two oxidized forms OX1 and OX2. b Optiprep fractionation of HEK 293 control cells and cells incubated for the indicated times (in minutes and hours, see numbers on the left) in hypoxic environment (1% oxygen). Three independent experiments were probed for Ero1α and quantified by LICOR. The individual amounts of Ero1α per fraction at the 1 and 16 h time points are plotted in the middle graph (error bars omitted for clarity, but shown on the right panel). Right panel: the amount of Ero1α on the MAM was determined as the sum of signal found within fractions 5 and 6 (n=3). c Immunofluorescence colocalization of Ero1α and βCOP at 16 h of hypoxia. HEK 293 cells were grown on coverslips for 24 h, followed by incubation in hypoxia for 16 h and processed for immunofluorescence microscopy. Ero1α was detected with a rabbit polyclonal antibody and βCOP with a mouse monoclonal antiserum. Immunofluorescence images were acquired and deconvolved. Inserts show a magnified area, indicated by white frames on the bigger pictures. Scale bar=25 μm. A representative image is shown. Partial overlap is seen in the magnified area, but also on numerous spots elsewhere. d Optiprep fractionation of HEK 293 cells as in (b). Western blots were probed for calnexin (CNX) and BiP/GRP78 (BiP). e Optiprep fractionation of HEK 293 cells treated for 2 h with the mitochondrial stressors rotenone (1 μM), oligomycin (5 μM), and antimycin (100 μM). f HIF1α protein levels after 2 h in hypoxic environment (Hyp, 1% oxygen). Loading equalized using actin as a loading control which is normally confined to the MAM, leaves that domain of the ER and enters the secretory pathway, resulting in a partial co-localization with βCOP, but ultimately leading to its secretion under conditions of disrupted cellular redox and prolonged hypoxia.
Discussion
Our results show for the first time the specific enrichment of an ER oxidoreductase to the MAM. The enrichment of Ero1α on the MAM appears to be specific for this ER oxidative folding enzyme, since PDI, ERp57 and the chaperones BiP/GRP78 and calreticulin do not show such an enrichment. Nevertheless, all of these proteins are found to some extent on the MAM (Fig. 1) , thus still allowing them to perform calcium-regulatory roles on this domain of the ER. In contrast to calnexin, another MAM-enriched ER folding enzyme, the localization of Ero1α to this signaling hub of the ER is highly susceptible to the redox state of the ER and to oxygen supply, since incubation in reducing milieu and under hypoxic conditions lead to the rapid depletion of Ero1α from the MAM (Figs. 3 and 4) . Subsequently, this oxidoreductase appears in the growth medium of cultured cells, in a much more pronounced way than other ER chaperones such as calreticulin (Fig. 5a, c) . Interestingly, the relocation of Ero1α happens typically after 1-2 h of treatment, much earlier than the induction of transcriptional responses to reducing milieu and hypoxia (Fig. 5b, d) . A determining factor for the Ero1α shift appears to be the Ero1α oxidation state. Characteristically, Ero1α appears in two oxidized states, OX1 and OX2, which are sensitive to incubation with DTT (Anelli et al. 2002) . We detected a partial, temporary shift of the Ero1α oxidation state to the reduced form after 30 min of hypoxia (Fig. 4a) , correlating with the mixed ratio of oxidized and reduced Ero1α in fractions of the late secretory pathway (Fig. 1d ) and indicating that, as for incubation with DTT, hypoxia leads to a disruption of the thiol-mediated retention mechanism of Ero1α (Anelli et al. 2003) .
The localization of Ero1α to the MAM is surprising for two reasons. First, Ero1α is expected to play an important role in the re-oxidation of the thioredoxin-related oxidoreductase PDI, which is classically thought to occur on the rER (Fassio and Sitia 2002; Sevier and Kaiser 2008) . The almost exclusive presence of Ero1α on the MAM suggests that Ero1α-mediated PDI re-oxidation occurs on the MAM, rather than on the rER. Such a scenario would require the transport of PDI/peptide or at least PDI/Ero1α complexes from the rER to the MAM, so far unobserved. However, the shuttling of PDI/Ero1α complexes into the vicinity of mitochondria would result in the higher availability of mitochondrial ATP and FAD, both of which are required for efficient oxidative protein folding (Papp et al. 2005) . Alternatively, PDI could be re-oxidized by the other Ero1 family member, Ero1β, which is present in non-detectable levels in HEK 293 and HeLa cells (Dias-Gunasekara et al. 2005 . Since PDI is found abundantly in all domains of the ER, such a mechanism definitely remains a possibility. Clearly, the formation of PDI/Ero1α complexes is not a determinant of PDI localization, since none of the conditions described in this paper led to a significant relocalization of PDI. Instead, PDI, like calreticulin and BiP, could predominantly depend on the Lys-Asp-Glu-Leu (KDEL)-receptor for its ER retention. Notably, Ero1α lacks the KDEL sequence at its C-terminus. ERp57 and ERp44 show yet other types localizations of intra-ER localization Fig. 5 Disruption of cellular redox and oxygen supply leads to Ero1α secretion. a Ero1α content of cellular growth medium (supernatants) treated for the indicated times with the indicated reducing agents (1 mM 2ME, 1 mM DTT). Ero1α secretion, detected by the sharp increase in the growth medium (supernatants), is observed after 15 min. b Ero1α content of cellular growth medium (supernatants) incubated for the indicated times in hypoxic atmosphere. Ero1α secretion is observed after 16 h. For both a and b, calreticulin (CRT) serves as a secretion control patterns, suggesting the presence of additional intra-ER localization mechanisms. Consistent with their role in the regulation of ER calcium homeostasis, both oxidoreductases show, nevertheless, portions of their respective signals on the MAM.
Second, hypoxia leads to the induction of expression of Ero1α (Gess et al. 2003; May et al. 2005) , which, according to our results, is subsequently secreted. One possible explanation for these observations is that hypoxic cells need to compensate for constant loss of Ero1α during hypoxia. Alternatively, Ero1α may perform other functions outside the cell during conditions of prolonged hypoxia.
With our results, the classes of identified proteins on the MAM increases by another type, the oxidoreductases. In fact, Ero1α emerges quite surprisingly as one of the bestknown MAM markers to date. Supporting our data, Ero1α has also been implicated in the regulation of ERmitochondria calcium communication by promoting IP3R-mediated calcium efflux during ER stress ). Since the IP3Rs are enriched themselves enriched on the MAM (Hajnoczky et al. 2000) , our results raise the possibility that the majority of human Ero1α, at least in the tumor-derived HEK 293 and HeLa cells, might regulate IP3R-mediated calcium signaling on the MAM. In this case, Ero1α would not be the first ER oxidative protein chaperone involved in the regulation of ER calcium homeostasis. These observations have a precedent in the functions of calreticulin (Michalak et al. 2009; Molinari et al. 2004 ), but the presence of a calcium binding domain within Ero1α itself also supports such a possibility. Further research is required to address these possibilities and also to clarify the functional relationship between the two human Ero1 protein family members.
Despite Ero1α being an ER luminal protein, the targeting of Ero1α to the MAM is quite stringent (>75%), compared with the chaperone calnexin, whose targeting mechanism to the MAM we have previously analyzed (about 2/3 of calnexin localizes to the MAM under resting conditions, Myhill et al. 2008) . Similar to calnexin, the relatively low, but detectable amounts of Ero1α on the rER might be sufficient to perform its enzymatic role in ER oxidative protein folding. Further elucidation of the Ero1α targeting mechanism to the MAM will provide more insight into this question. What are the possible mechanisms by which Ero1α is targeted to the MAM? In the case of calnexin, interaction with the cytosolic connector protein PACS-2 contributes to its localization to the MAM (Myhill et al. 2008) . Such a mechanism cannot account for the MAM-localization of Ero1α directly, since Ero1α is not in contact with the cytosolic face of the ER. Besides the known interaction of Ero1α with PDI and ERp44, interaction with an as-yet unknown receptor may mediate retention of Ero1α on the MAM. Another possibility could be a tight association of Ero1α with the MAM membrane, which has been shown to exhibit specific lipid composition (Sano et al. 2009 ). Similar to the characterization of the rice Ero1α ER targeting mechanism (Onda et al. 2009 ), we expect a detailed analysis of the Ero1α peptide sequence to yield information concerning a novel targeting mechanism for ER oxidoreductases and chaperones to the MAM. We further expect such a targeting mechanism to have important implications on cell survival and protein secretion.
